Introduction
MEMS technologies have been gradually adopted to implement the microsensors with the on-chip microelectronics [8] [9] [10] . To reduce the expensive chip area in the CMOS fabrication process, the employment of housing structure in the thermal flow sensor packaging is a practical solution.
Different housing concepts for the packaging of thermal flow sensors were reported [11] [12] [13] , such as the surface mounted adaptor on the chip, the sealed flow channel with a chip or a part of chip inside, and the flipping housing design. However, very few works have systematically studied the effect of packaging design on the performance of micro thermal flow sensors. Recently, Dumstorff et al [6] reported a sensor packaging design with a portion of sensor chip inside the flow channel and observed the decrease of sensitivity in the non-flushed sensor packaging compared to the flushmounted counterpart.
In this work, we first investigate the responses of our CMOS thermoresistive micro calorimetric flow (TMCF) sensors with two different packaging designs in the Poly(methyl methacrylate) (PMMA) flow channel: S-type and E-type as shown in figure 1 [7] . Although the experimental results indicated that the sensitivity of S-type in the low-speed input flow was increased, its flow range as compared to the E-type was dramatically reduced. The characteristic curves of TMCF sensors in these two designs were studied and explained. To improve the proposed flow regime map [7] for the design of sensor packaging, the comprehensive numerical studies on the TMCF sensors with different protrusion ratio d * and channel aspect ratio Ar were conducted.
While the fluid flow in the PMMA channel is fully attached, the flow over the packaged TMCF sensors can be either separated or attached [14] . In this paper, a reduced chip Reynolds number Re * was used to characterize the flow separation, as shown in equation (1) .
where U a is the average flow velocity in the main flow channel, l is the length of TMCF sensor chip, and ν is the kinematic viscosity. As stated, to study the geometry effect on the packaged TMCF sensors, the protrusion ratio d * is defined as:
where d is the protrusion height of TMCF sensor, and H is the height of flow channel. On the other hand, the channel aspect ratio Ar is defined as:
where L is the half-length of the flow channel.
Fabrication and packaging of TMCF sensors
As shown in figure 2(a), we applied our 1D sensor model [15, 16] to design and fabricate the TMCF sensors by using a commercial 0.35 µm 2P4M CMOS MEMS process that followed an alike post-CMOS process in [17] . The TMCF sensor consists of a Poly-Si resistive micro heater (R h ) at the center of the thin film and three pairs of symmetrically located upstream (R u ) and downstream (R d ) thermoresistive sensors with the different distance from the micro heater, D = 60 µm (Pair 1), 120 µm (Pair 2), 180 µm (Pair 3). In the presence of fluid flow, the differential temperature output ∆T out of TMCF sensor between the upstream (R u ) and the downstream (R d ) sensors is related to the convective heat transfer and namely the corre sponding input fluids flow velocity U. With the integration of R u and R d into a Wheatstone bridge, the thermal output ∆T out can be converted to an electrical voltage signal V out for the practical flow sensing [18] . The detailed microfabrication processes of TMCF sensor could be found elsewhere [15, 16] . Herein, we only briefly describe the key fabrication steps. The micro heater R h has a 250 µm × 100 µm Poly-Si serpentine structure with a width of 10 µm, and the measured average resistance is 1407 Ω at the room temperature of 22.5 °C. Three pairs of thermoresistive upstream and downstream sensors also have an identical 250 µm × 18 µm Poly-Si serpentine structure with a width of 2 µm, where the measured average resistance is 5478 Ω. To improve the sensitivity of TMCF sensor with the reduced conductive heat loss, the 600 µm × 400 µm suspended thermally low-conducting thin-film structure was constructed through the combined selective oxide reactive-ion etching (RIE) and the XeF 2 isotropic Si etching. It is worthwhile noting that the CMOS fabrication process and the mechanical strength of the thin film materials limit the thickness of the thin film. Figure 2 (b) shows the packaged TMCF sensor, where the finally diced sensor chip with the remained safety clearance to the sensor layout has a size of 1.8 mm × 1.8 mm × 0.65 mm (Length × Width × Height). The TMCF sensor chips were attached to a PCB board with an 85 µm thick double-sided tape and packaged into the center of an 80 mm × 8 mm × 4 mm (Length × Width × Height) PMMA flow channel with two designs: i.e. E-type and S-type, as shown in figure 1 . Note, for the comparison between E-type and S-type, the coordinate system is placed at the center of TMCF sensors' surface. The packaged TMCF sensors were then tested with the nitrogen gas flow, where the detailed experimental setup was described elsewhere [7] .
Experimental results of TMCF sensors
The measured output and sensitivity of S-type and E-type TMCF sensors with the micro heater (R h ) working on 3 mA constant current (CC) mode are plotted against the input N 2 gas flow from 0 m s −1 to 11 m s −1 as shown in figure 3 . The electrical voltage output V out of three pairs of TMCF sensors were directly measured from the upstream (R u ) and downstream (R d ) thermoresistive resistors with the Wheatstone bridge-based interface circuit. In the low flow region, the S-type TMCF sensors could achieve a larger output and higher sensitivity than that of E-type. Obviously, a higher sensitivity (S S1 = 2.65 mV (m s , respectively. However, the flow range of S-type was dramatically reduced by more than 60%, as shown in figures 3(a) and (c), respectively. Moreover, the output voltage of the S-type design can easily reach saturation when the temperature sensors were further placed from the microheater (R h ), i.e. the flow range of Pair 3 < Pair 2 < Pair 1.
Note that, the non-monotonic behavior of the Pair 3 TMCF sensor in the E-type was observed, which was saturated at 9 m s −1 . For the high-speed input gas flow (>9 m s −1 ), both the heater and temperature sensors would experience an enhanced overall cooling effect due to the reduced thermal boundary layer δ t , which resulting in a saturated TMCF sensor response. The boundary layer effect does impose the nonmonotonic behavior of the calorimetric flow sensors, where the detailed studies could be found in the work of Elwenspoek and Wiegerink [19] . The maximum sensor output occurred at the condition of thermal boundary layer δ t roughly equivalent to the distance D between the heater and sensor, which could be used to describe the non-monotonic behavior in the TMCF sensors. The δ t over the TMCF sensor chip is inversely proportional to the root mean square of input fluid flow U [20] . Therefore, we can roughly estimate a 5% reduction of the flow range in the S-type design compared to the E-Type by considering the averaged flow velocity over the sensor chip. Moreover, the detailed 1D and CFD design analysis for the Pair 2 TMCF sensor in [15, 16] has shown the accessible flow range larger than 10 m s −1 under the open-space flow condition (belongs to S-Type sensor with the fluid flow over the TMCF sensor's surface begins at the leading edge of sensor chip, which resulted in the smallest δ t for the same input flow). Therefore, regarding the dramatically reduced flow range (more than 60%) of the S-Type TMCF sensor, the inherent non-monotonic behavior is not the critical issue and therefore was ignored in this paper. There should be one dominating cause for this dramatically reduced flow range in the S-Type TMCF sensor, which will be revealed in the following section.
Results and discussion
Two-dimensional CFD simulations (CFDRC, ESI Group, France) were first performed to investigate the discrepancy of TMCF sensors' response between the S-type and the E-type. The preliminary simulation results showed that the N 2 gas flow in the bottom cavity of TMCF sensors could be ignored due to the sparse opening of the thin film structure.
Therefore, for the ease of meshing and modeling, the cross section of TMCF sensor chip in S-type was approximated as a solid rectangular domain with l = 1.8 mm and d = 735 µm. A total number of 805 195 cells were created in the simulation domain with the locally refined mesh model around the TMCF sensor as shown in figure 4(a). Here, the numerical simulation only employs the fluid mechanics module of CFD-ACE (CFDRC, ESI Group). Note that, in both simulation domain and experimental condition, the length L between the inlet and the TMCF sensor is 40 mm, which leads to a channel aspect ratio Ar = 10 as shown in figure 4 (a). The flow patterns over the E-type and S-type TMCF sensors under the 1 m s −1 input nitrogen gas flow were plotted in figures 4(b) and (c), where the velocity profile over the E-type TMCF sensor was close to the fully developed flow. Figure 4(d) showed the increase of local flow velocity U and also the wall shear stress τ w = η(∂U/∂y)| surface in the S-type TMCF sensor, where a thinner momentum boundary layer δ (well visible in the figure 4(d)) than that of E-type was developed. Note, although the simplified 2D simulation with the employment of fluid mechanics was performed, the qualitative explanation for the enhanced sensitivity in S-type TMCF sensor could be given with the increased momentum boundary layer δ or the more straightforward thermal boundary layer δ t ~ δ/Pr 1/3 . As shown in figure 4(d), the velocity gradient in the S-Type along the y axis is higher than that of E-Type, which presented a larger shear stress τ w over the sensor chip, i.e. τ w-S > τ w-E . The τ w is inversely proportional to the momentum boundary layer δ, also to the thermal boundary layer δ t [19] . Therefore, for τ w-S > τ w-E , the thickness of δ t in S-Type sensor was thinner than that of E-Type, hence, an overall enhanced convection heat transfer (often characterized by the Nusselt number Nu) was expected, where the increased sensor output and sensitivity in S-Type TMCF sensor were predictable at the small input flows. Moreover, with the thinner developed local momentum boundary layer δ x that especially close to the leading edge, the upstream temperature sensor experienced a larger local shear stress τ w-S:u than the downstream one τ w-S:d . Considering the heat transfer behavior over an isothermal plate [20] in the S-type TMCF sensor, the local Nusselt number (Nu x ) as a function of Reynold number (Re x ) or the shear stress τ wx in equation (4), could be used to qualitatively explain the local heat transfer behavior difference in the TMCF sensors packaging.
where Pr is the Prandtl number defined as the ratio of the momentum diffusivity of the working fluid (N 2 ) to the thermal diffusivity, and Re x is:
Equation (4) reveals that the heat transfer difference between the upstream Nu u and the downstream Nu d was increased with the increased flow velocity U or the shear stress τ w . As the upstream temperature sensor experienced a larger local shear stress τ w-S:u than the downstream one τ w-S:d , hence, the heat transfer difference was further increased especially due to the enhanced local heat transfer Nu u from the upstream sensor, which explains the significantly increased output and sensitivity of S-type TMCF sensor under the low-speed input N 2 gas flow. For a blunt sensor chip immersed into the streamlined fluid flow, the flow separation is unavoidable at high Reynolds flow. The generated flow separation will significantly change the TMCF sensor's performance that will be elaborated in the following 2D and 3D CFD simulation. The 3D CFD simulation is based on the gas-kinetic scheme that both fluid mechanics and the effect of heat transfer was considered in the numerical simulations at the same time [21, 22] . More detailed CFD simulations with the coupled fluid mechanics and heat transfer for the quantitative analysis of the performance changes in E-Type and S-Type will be studied in the future work. Considering the fluid flow over the surface ( y = 0 mm) of TMCF sensor, the separated flow can be determined by the condition of the negative velocity gradient, equation (6) [14] :
Figure 5(a) showed that an adverse pressure gradient is generated when the gas flow approaches the S-type sensor under the 7 m s −1 input N 2 flow. In general, the effect of an adverse pressure gradient will lead to the decrease of flow velocity in the streamwise direction. If this undesired pressure gradient acts on the surface over a sufficient distance, we would observe a separated flow over the TMCF sensor, especially in the upstream area. As shown in figure 5(b) , a reduced or even reversed gas flow (−0.1 m s −1 ) near the upstream area of TMCF sensor is observed, in which, a local velocity profile along the y direction at x = −0.65 mm is plotted in figure 5(c) .
According to equation (4), the reduced or reversed gas flow (τ w < 0) at upstream would lead to a dramatically decreased local Nusselt number Nu u . As shown in figures 5(b) and (d), the reattached gas flow at the surface of the S-Type TMCF sensor occurred before the center (micro heater) of the sensor die. Therefore, the gas flow was fully attached at the downstream area of the TMCF sensor without the significant flow separation; then an enhanced downstream Nu d is still expected. Therefore, the difference between the upstream Nu u . Note: Ar = 10, and the velocity profile over the E-type was close to the fully developed laminar flow [14] . and the downstream Nu d is decreased under the high-speed flow, which leads to a decreased output voltage in the S-type sensor. In addition, figure 5(d) shows an enlarged flow separation region with the increased input gas flow. Therefore, the flow range of the S-type TMCF sensor will become smaller when the thermoresistive sensors are placed at the location further away from the micro heater.
For an even higher input flow, the separated flow region may cover three pairs of TMCF sensors in both upstream and downstream area, and the negative vortex flow over the TMCF sensors may eventually lead to a negative sensor response. The possibility of generated negative outputs in these three pairs of TMCF sensors is revealed by the tendency of sensors' response curves at 11 m s −1 as shown in figure 3(a) . Note that, due to the limited flow range of reference flow meter, the tested flow range of S-Type and E-Type TMCF sensors were from 0 m s −1 to 11 m s −1
. However, this predictable negative TMCF sensors' response could be validated by a wind tunnel testing with the input air flow from 0.14 m s −1 to 19 m s −1 , where the TMCF sensor chip was mounted on the center of a 4.4 mm width wedge-shaped PCB board.
The resistance changes of Pair 1's upstream (R u ) and downstream (R d ) sensors were plotted as a function of average input flow velocity U a and the reduced chip Reynolds number Re * for S-type and E-type sensors, respectively; as shown in figure 6 . For the S-type sensor, the resistance of R u is firstly decreased and then inversely increased with the increased gas flow; while the resistance of R d is slightly increased and then decreased. For the E-type sensor design, the resistance of R u is monotonously decreased with the increased input flow due to the enhanced heat convection, while the resistance R d is slightly increased due to the transferred thermal energy from R h . By comparing the sensors' resistance change especially for R u between the S-type and the E-type as shown in figure 6 , the results demonstrated that the flow over the surface of S-type would become separated under the condition of high-speed input flow. Previously, based on the 2D CFD simulations, we built a flow regime map (protrusion d * versus reduced chip Reynolds number Re * ) with the boundary between different flow patterns (separated flow and attached flow) over the TMCF sensors [7] . Later, we realized that in our flow channel packaged designs; the TMCF sensors are most likely located in the entrance region with the fluid flow under developing, especially for the high-speed input flow. In this case, the determination of flow separation is influenced by the leading length L or Ar due to the different developed flow profiles at the sensor location.
Herein, a series of 2D CFD simulations for S-type TMCF sensors (d * = 0.175) with the different channel aspect ratio Ar = 1.5, 4, 10 and ∞ were conducted under the 6 m s −1 input N 2 gas flow. The simulated negative U profiles are plotted in figure 7 , where the observed local velocity profiles over the TMCF sensors are quite different. The whole TMCF sensor is covered by a separated flow with the Ar = 1.5 (L = 6 mm) as shown in figure 7(a) , while the separated flow region (left side plotted) is gradually diminished with the increased Ar as shown in figures 7(b) and (c). Moreover, for Ar = ∞, there is no flow separation occurred in the TMCF sensors as shown in figure 7(d) . Note, for the case of infinite aspect ratio Ar, the fully developed parabolic velocity profile is set at the inlet of CFD models [14] . The negative gas flow profiles in figure 7 clearly show that the channel aspect ratio Ar plays an important role in the determination of flow separation.
The flow separation phenomenon in figure 7 can be qualitatively explained by the developed boundary layer along the flow channel. Let us consider a uniform fluid flow, which begins at the inlet, enters the flow channel; a thin viscous boundary layer will be generated and then gradually grows along the flow channel until the viscous stresses dominate the entire cross section. Similar to the laminar fluid flow over a plate, the developed boundary layer thickness [20] at the TMCF sensor location can be approximately calculated as:
Equation (7) shows that the boundary layer thickness δ x is increased with L, and its maximum value will be 0.5H when the flow is fully developed. Figure 8 shows the normalized boundary layer thickness d/δ x plotted as a function of channel aspect ratio Ar under the 6 m s −1 input flow. For shorter Ar, the TMCF sensor stands above the boundary layer, and a free stream approaching flow over the sensor chip could be expected. While for larger Ar, the boundary layer is much thicker than the protrusion height d, the TMCF sensor is immersed deeper into the boundary layer, and the significant viscous flow is expected. With the TMCF sensor inside the boundary layer, the approached fluid flow is expected to be dominated by viscosity and experienced a larger drag force from the sensor chip, which makes it much harder to generate the flow separation.
Based on the 2D CFD simulations, the flow region map for the S-type sensor (d * = 0.175) with the effect of Ar is plotted in figure 9 , in which, the required half-channel length L f for the fully-developed laminar flow at the sensor location is described as follows [14] : 
where the channel Reynold number is defined as Re c = U a H/ν. Clearly, in the developing flow region, the flow separation can easily occur with the smaller Ar. The criterion for distinguishing the flow separation in the developing flow region is fitted with the CFD data and plotted as a solid line in figure 9 , where its formula is described in equation (9) . To obtain equation (9) to describe Re c as a function of Ar, we first employed the curve fitting subroutine, 'nonlinear least square' with the algorithm of 'trust-region-reflective' algorithm in Matlab with the data points from the CFD simulations. The result of this subroutine shows that a general rational function, of which both numerator and denominator have the same degree of 1, could lead to a good fitting. Therefore, we amended the rational function with an additional term of Re c − 25Ar as shown in equation (9), where the right Re c term would approach the fully developed parameter Re c (Ar =∞) when Re c increases to 25Ar. 
However, in the experimental condition, under the high Re c flow, the TMCF sensors are located in the developing flow region. Therefore, additional simulation for the channel aspect ratio Ar = 10 and Ar = 4 with different d * are conducted. As revealed in the above analysis, in these CFD simulations, the experimental condition of the TMCF sensor packaging involves the coupled phenomenon of flow separation under the effect of both the protrusion height d * and the channel aspect ratio Ar. To address these two issues, the right term f in equation (9) is used to amend the equation (10) with the underlying physics. 
As shown in figure 10 , the new criterion in equation (11) could successfully distinguish the cases of separated flow and attached flow with different d * and Ar. In addition, the reported experimental result of the step-up design (see the solid square symbol in figure 10 ) from the work of Dumstorff and the coworks [6] . is also plotted. As shown in the flow regime map, there is no flow separation in the flow sensor testing [6] , which explained the behavior of the undiminished flow range in their observation. Therefore, this proposed criterion d * based on 2D simulation will be a general guideline for the packaging design and manufacturing of micro thermal flow sensors.
However, as it is marked as a diamond symbol, the separated flow in the S-type TMCF sensor is located in the attached flow region, i.e. in the left hand of the solid line (Ar = 10). The reason for this inconsistency mainly comes from the overly simplified 2D simulation. In the experiments, the TMCF sensor is a kind of rectangular pillar stands in the center of the flow channel, which is different from Dumstorff et al [6] setup that the sensor span over the entire channel width. Therefore, more detailed 3D CFD simulations with the consideration of width difference between the flow channel and the sensor chip are necessary.
The in-house developed 3D simulation code (transient analysis) is based on the third-order gas-kinetic scheme in our previous papers [21, 23] , which relies on the BGK model. The BGK model [24] is a simplified relaxation model for the Boltzmann equation. The Navier-Stokes equations can be derived from the BGK model by the Chapman-Enskog expansion. To achieve high accuracy, the third-order WENO method [25, 26] is used for spatial reconstruction. A time-dependent gas-distribution function can be obtained at the cell interface, which provides the numerical fluxes in the finite volume scheme. The temporal accuracy is achieved by integrating the time-dependent gas distribution function, without using the Runge-Kutta method. Compared with the second-order center scheme in the CFD-ACE + simulation, the employment of third-order scheme would prevent the issue of high dense mesh cells in the CFD models and make the 3D simulation time becomes acceptable.
The 3D CFD simulations were performed with four cores of Intel Core i7-4770 CPU @ 3.40 GHz. In the computation, the non-uniform mesh with 260 × 150 × 120 mesh points was used. The mesh sizes around the sensor are ∆x = 1/80, ∆y = 1/300 and ∆z = 1/60. Each simulation case last for enough time to make sure that the static state of fluid flow is achieved. Similar to the 2D simulations, the channel aspect ratio Ar has a profound impact on the flow pattern (left side plotted) over the S-type sensor as shown in figure 11 . The shorter Ar will lead to an easily generated flow separation with the lower speed input flow.
A series of 3D simulations were conducted, as compared to the 2D counterparts, the in-house-developed 3D code shows a much stricter criterion for our experimental condition, as shown in figure 12 (dashed line). With a fitting factor ε = 3 for the general criterion of equation (11), a modified new criterion which considers both d * and Ar, while taking the channel width (W/H = 2) into consideration, is introduced in equation (13) . The experimental results of our TMCF sensor are marked at the upper bound of this new criterion d * for the flow separation. It is reasonable that the experiment result is away from the new criterion since the TMCF sensors only occupied the middle region of the chip (one-third of the chip area along the x direction). Therefore, this specialized criterion d * will be a useful guideline for the packaging design of the fabricated CMOS TMCF sensors. 
Conclusion
The effect of two packaging designs, S-type and E-type, on the performance of the CMOS TMCF sensors were experimentally and numerically studied in detail. The experimental results of TMCF sensors indicated that not only the sensitivity of the S-type sensor was significantly changed, but also the input flow range as compared to the E-type was dramatically reduced from 0-11 m s −1 to 0-4.5 m s −1 . Therefore, the packaging of the thermal flow sensor is critical to achieve a reliable and accurate flow measurement system.
To understand the physics behind the response of the two packaging designs, comprehensive 2D and 3D CFD simulations were performed. The simulation results revealed that the generated flow separation at the surface of TMCF sensors could dramatically reduce the sensor performance, in particular on the sensor's flow range. . More detailed CFD simulations with coupled fluid mechanics and heat transfer will be conducted in the future.
